The optical properties of tungsten trioxide thin films prepared by DC magnetron sputtering, with The origin of peak P2 is more uncertain, but may involve +1 and +2 charged vacancy sites. The PL spectra show several emission bands in the range 2.07 to 3.10 eV in the more sub-stoichiometric, and 2.40 to 3.02 eV in the less sub-stoichiometric films. The low energy emission bands agree well with calculated optical transition energies of oxygen vacancy sites, with dominant contribution from neutral and singly charged vacancies in the less sub-stoichiometric films, and additional contributions from doubly charged vacancy sites in the more sub-stoichiometric films.
V o concentration. Peak P1 is assigned to polaron absorption due to transitions between tungsten sites (W 5+ →W 6+ ), or an optical transition from a neutral vacancy state to the conduction band, V o 0 → W 6+ .
The origin of peak P2 is more uncertain, but may involve +1 and +2 charged vacancy sites. The PL spectra show several emission bands in the range 2.07 to 3.10 eV in the more sub-stoichiometric, and 2.40 to 3.02 eV in the less sub-stoichiometric films. The low energy emission bands agree well with calculated optical transition energies of oxygen vacancy sites, with dominant contribution from neutral and singly charged vacancies in the less sub-stoichiometric films, and additional contributions from doubly charged vacancy sites in the more sub-stoichiometric films.
I. INTRODUCTION
Tungsten trioxide (WO 3 ) is an interesting material, which shows promising properties for applications in several important sustainable technologies, such as smart windows, gas sensors, and as a photocatalyst for air cleaning and water splitting. 1, 2 WO 3 is, however, easily reducible. Sub-stoichiometry alters the physical properties of tungsten oxides, and yields compounds with e.g. different color and electrical conductivity. In addition, several phases of WO 3 exist in a close range around room temperature and atmospheric pressure, 3, 4 each with slightly different structure and electronic properties. It is therefore important to systematically characterize WO 3 materials with known phase composition, and compare them with similar sub-stoichiometric WO 3-x compounds.
In sub-stoichiometric WO 3-x , it has been reported that localized states are located close to an oxygen vacancy, or a specific W atom. 1 In an optical transition, an electron is transferred from one localized state to a neighboring one. The optical transitions can be described with different models. One description is in terms of an intervalence transfer between two adjacent localized states. 5 In the case of tungsten oxide, the states involved would be localized on W sites. 6 In the sub-stoichiometric case also transitions between oxygen vacancy states and W sites must be taken into account. A very strong electron-phonon interaction can in itself lead to localization of an electron from the conduction band, 7, 8 and the intervalence transfer model then becomes equivalent to polaron absorption models. [7] [8] [9] [10] In both cases, an electron in the localized state can in a first approximation be described as being trapped at the bottom of a parabolic potential well. The potential wells of adjacent localized states are taken to be overlapping. The energy difference of the ground states of the parabolas to the point where they intersect, is the activation energy for electron transport. 5, 8 The optical transition is "vertical" from the ground state of one parabola to a higher energy in the second parabolic well, requiring photon energies four times the activation energy. 5, 8 Polaron theory was first applied to WO 3 by Salje 11 and Schirmer et al. 12 The polaron binding energy in WO 3 has been computed from experimentally accessible quantities, 13 as well as theoretically, 14 and the polaron ground state was found to be located 0.15-0.2 eV below the conduction band minimum (CBM), giving an optical absorption energy of 0.6-0.8 eV.
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A different model, applicable to sub-stoichiometric WO 3-x 
II. MATERIALS AND METHODS

A. Thin film fabrication
Tungsten oxide (WO 3 ) thin films were prepared by reactive DC magnetron sputtering using a versatile deposition system based on a Balzers UTT 400 unit. The films were sputtered on CaF 2 substrates (Crystran Ltd., Pole, UK.). More information about the experimental details can be found elsewhere. 23, 24 The O 2 /Ar ratio was kept at 0.43, and the samples were sputtered at a substrate temperature of T s = 553 K, and post-annealed at T a = 673 K for 1 h in air. Samples were sputtered at working pressures, P tot = 10, 15, 20, 25 and 30 mTorr. The deposition rate varied as a function of P tot from 36 nm min -1 at P tot = 10 mTorr to 11 nm min -1 at P tot = 30 mTorr. WO 3 thin films sputtered on CaF 2 substrates were highly transparent. Films prepared at P tot = 10 mTorr exhibited a slightly bluish color, indicating substoichiometry. The samples sputtered at P tot = 30 mTorr were slightly yellowish and red, characteristic of stoichiometric WO 3 . In previous studies we have reported on the physical properties of tungsten oxide films prepared in this manner. [23] [24] [25] From cyclic voltammetry (CV), a lower limit of the concentration of trap states in the band gap was calculated. 25 These trap states were associated with oxygen vacancies in the thin film, and the measured concentrations correlated well with previous approximate values obtained from near infrared (NIR) absorption. 24 An oxygen vacancy concentration of x ≈ 0.005 (determined by an average over three films) was inferred in the more sub-stoichiometric WO 3-x films, prepared at P tot = 10 mTorr, while the less sub-stoichiometric films prepared at P tot = 30 mTorr showed vacancy concentrations of x ≈ 0.001 (determined by an average over four films). 25 It was shown that the films mainly exhibited the monoclinic γ-WO 3 phase with a fraction of the monoclinic ε-phase and a slight strain in films primarily at P tot = 10 mTorr.
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B. Spectrophotometry
The optical properties of the WO 3 films were measured with a Perkin-Elmer Lambda 900 doublebeam UV/Vis/NIR spectrophotometer equipped with an integrating sphere and a Spectralon reflectance standard. The absorption coefficient α as a function of wavelength λ was determined by spectrophotometry from the special absorption:
where d is the thickness of the film.
The film thicknesses of the fabricated WO 3 films were uniform, and gave rise to interference fringes in the optical spectra. The basic equation for interference fringes is
where m is an integer for maxima and a half integer for minima. Eqn. 2 contains the product of n and d, and cannot be used to extract independent values for n or d. However, by using the method introduced by Swanepoel for a weak to medium absorbing film, d and n can be decoupled using the interference fringes in the transmittance spectra by the formula:
Here n s is the refractive index for the substrate (CaF 2 in our case), T M and T m are the transmittance at the extremes of the transmittance fringes, considered as continuous functions of λ in the analysis (M = maximum; m = minimum). From eqn. 3 n can be calculated. Once n is known, d can be calculated by means of eqn. 2 using n at two adjacent maxima as follows:
where the subscript numbers denote two adjacent maxima.
In the near-infrared range T and R were fitted to an optical oscillator model using the Scout software, in order to extract optical constants. 28 The long-wavelength dielectric constant ε 0 ~ 3.6 was obtained by iterative fitting using previously published data as the starting value. 23 Gaussian functions were employed to fit the imaginary part of the dielectric function ε 2 (λ) in the nearinfrared region in order to extract peak position, width and amplitude, according to,
where a is the amplitude, b the position of the center of the peak, and w the width of the peak. The program computed the real part of the dielectric function ε 1 (λ) by a Kramer-Kronig relation. The dielectric function was obtained by iterative fitting to experimental data.
C. Photoluminescence
Photoluminescence emission measurements were performed using a Horiba Jobin Yvon Fluorolog instrument (Model FL3-222). The signal was automatically corrected for wavelength dependent instrument sensitivity, and normalized with a reference signal to compensate for lamp fluctuations.
The measurements were performed in backscattering geometry employing 30° angle of incidence of the excitation beam with respect to the surface normal, and the detection optics aligned along the surface normal. A monochromator slit width resulting in a spectral resolution of 5 nm was used.
The interference fringes due to multiple reflections at the WO 3 film interfaces, which are seen in the optical transmission spectra, were also seen in the PL spectra. They must be corrected for to extract the intrinsic luminescence peaks. We distinguish between the luminescent intensity emerging from a plane z inside the WO 3 film, and going directly towards the detector through the air/WO 3 interface (denoted I a/w ), and the intensity, which is reflected back at the WO 3 /CaF 2 interface (I w/c ), and then directed onto the detector through the air/WO 3 interface. 29 In the former case we have:
where A a/w (z) is the complex amplitude of the wave ( ) 
where r a/w , t a/w, r w/c and t w/c are the Fresnel coefficients for reflection and transmission at the air/WO 3 and WO 3 /CaF 2 interfaces, respectively. The refractive index for WO 3 was calculated in the wavelength range 350-700 nm using the Swanepoel method presented above. This refractive index was then used to calculate the Fresnel coefficients at each wavelength.
The luminescence intensity I w/c from the plane z, which is reflected back from the CaF 2 interface, and then emerges from the WO 3 /air interface, is expressed as
where ( ) 
Neglecting diffusion of photo-excited electrons in the film, their distribution is proportional to 
The IF is proportional to the total intensity of luminescence from the whole film. The PL spectra reported in this study were corrected for interference effects by dividing the measured spectra with the IF function (eqn. 12).
III. RESULT AND DISCUSSION
A. Spectrophotometry Figure 1 shows the absorption coefficient for WO 3 films prepared at P tot = 10 and 30 mTorr. The optical interband absorption is evident at wavelengths below about 440 nm. In the NIR range a broad absorption peak is observed, which is much stronger in the more sub-stoichiometric film prepared at P tot = 10 mTorr. The absorption in the NIR region has previously been observed in sub-stoichiometric WO 3-x , attributed to polaron absorption, and interpreted in terms of polaron theory. 11, 13, 30 Figure 1b denotes an average of the interference fringes and approximates the "interference-free" absorption.
The absorption in the NIR range was fitted by the simulation program Scout 28 in which the imaginary part of the dielectric function ε 2 was approximated with two Gaussian functions (Figure 2a ). It is evident that the NIR absorption can be accurately described by two peaks, here called P1 and P2, which have different relative strength depending on P tot . In Figure 2b the energy and amplitude of the two ε 2 peaks are shown as a function of P tot . The P1 peak shows the highest amplitude with a maximum at P tot = 10 mTorr, and then decreases with increasing P tot . The peak position of P1 stays constant at ~ 0.73 eV. The energy position of the P2 peak varies from 0.96 to 1.16 eV with increasing P tot . The P2 absorption peak has lower amplitude compared to P1, and appears as a shoulder on the P1
peak, which is difficult to discern at low P tot . There are two basic frameworks for the interpretation of the optical absorption spectra. The first is polaron theory. 13 In this process electrons are excited from W 5+ states to conduction band W 6+ states, and the electron-phonon interaction leads to self-trapping in a localized state below the CBM.
Alternatively, the optical transitions may be attributed to internal electronic transitions at the oxygen vacancy sites (V o ). 33 Recent hybrid functional DFT calculations of sub-stoichiometric γ-WO 3 In what follows we will compare with computations using the B3LYP functional 17 , since the direct band gap value for this case is closer to the previously measured one for our WO 3 films. 23 The position of peak P1 is close to the predicted energy of an optical transition between "intermediate" polaronic states in WO 3 , with polaron radius ≈ 6 Å. 13 In this picture the polaron binding energy is inferred to be 0.18 eV below the CBM. However, the analogous optical transition of an electron from a neutral O vacancy to the CBM (which is mainly W5d character), V o 0 → W
6+
, was predicted to have very similar excitation energy (0.73 eV) using computations with the B3LYP functional. 17 34 Polaron absorption in the ε-phase is relevant to this work, since we have previously
shown that the more sub-stoichiometric WO 3-x thin films contain a minor contribution of the ε-phase. 23, 24 Intermediate polaron absorption in the ε-phase may contribute to the P1 peak in Fig. 2 , in particular at low P tot . The decreasing amplitude of P2 as a function of P tot in Fig. 2 may then be an indication of a decreasing fraction of ε-phase with increasing P tot , in accordance with experiments. 18 A possible explanation of the peak shift of P2 is, however, difficult to rationalize in this picture, which suggests that other optical transitions are contributing strongly to P2.
Alternatively, the P2 peak may be attributed to internal electronic transitions confined at the oxygen vacancy sites (V o ). 33 To compare with optical absorption data we have to consider the optical transition energies. We may then speculate that the P2 peak is due to different transitions between B. Photoluminescence Figure 3 shows the photoluminescence (PL) and transmission (T) spectra for a WO 3 film prepared at P tot = 30 mTorr, corresponding to a close to stoichiometric WO 3 film. It is evident that the interference fringes due to multiple reflections at the interfaces in the thin WO 3 film are present in both spectra. It is important to correct for these interference fringes in order to interpret the PL spectra correctly. It is apparent that the peaks originating from interference are eliminated in the PL/IF curves. Figure 5 shows the IF corrected PL emission spectra of WO 3 films prepared at (a) P tot = 30 mTorr, and (b) 10 mTorr, respectively, at different excitation energies: λ ex = 350, 380, 400 and 420 nm, respectively. A summary of the peak energies and their relative peak intensity is shown in Table 1 . The films sputtered at P tot = 10 mTorr exhibit 6 emission peaks, whereas the films sputtered at P tot = 30 mTorr show 4 distinct emission peaks. Notably, the PL positions 3 and 6 in the more stoichiometric film (P tot = 30 mTorr) do not show distinct peaks. However, it cannot be excluded that they are contributing to the background intensity in these regions. Analogously, we may tentatively attribute peak 6 located at 2.07 eV with the V o 1+ →(V o 2+ )* optical transition, which is predicted at 2.11 eV by Wang et al. 17 . All these transitions take place from a relaxed initial state to an unrelaxed (denoted by *) vacancy configuration, where the electron recombines with a hole in the valence band. . Spectra have been shifted along the y-axis for clarity and normalized with the maxium peak intensity (peak 2 for 350, 380 and 400 nm excitation energy, and peak 4 for 420 nm excitation energy). ) * +e VB 2.11 §)"*" denotes non-relaxed states †) The intensity ratio was calculated from the maximum peak intensity in the PL spectra at an excitation wavelength λ ex = 380 nm (peak 2).
We note, however, that direct comparisons between experiments and density functional calculations, which critically depend on the position of the calculated valence and conduction bands, should be taken with caution. Nevertheless, in the work by Wang et al, 17 the hybrid functionals employed resulted in E g values in the range of our measured ones.
The interpretation of peaks 3 and 4 is more uncertain. Both films exhibit a pronounced peak 4 at 2.53 eV (P tot = 10 mTorr) and 2.60 eV (P tot = 10 mTorr), and these energies are higher than those of the calculated optical transitions between V o levels. The high relative intensity of peak 4 on the more substoichiometric film prepared at P tot = 10 mTorr qualitatively support that peak 4 is associated with the defect concentration. In addition, the film prepared at P tot = 10 mTorr exhibits a weak shoulder (peak 3) at 465 nm (2.68 eV), which is not evident at P tot = 30 mTorr. As noted by Gallino et al., 15 However, it should be noted that PL transitions might take place also from W 5+ states to the valence band.
An interesting observation concerns the emission peak 1 located at 3.10 eV and 3.02 eV for the films prepared at P tot = 10 mTorr and 30 mTorr, respectively. The relative intensity of this emission peak is larger for the less sub-stoichiometric WO 3 film. It is close to the direct band gap value reported for WO 3 . 23 This suggests that we must distinguish between the direct band gap determined in previous reports, and the demarcation energy determined from Fig. 1 . However, further studies are needed to elucidate the nature of the states at the conduction band edge (approximately 2.8 to 3.1 eV above the valence band edge).
IV. CONCLUSION
The optical properties of WO 3 thin films prepared by DC magnetron sputtering with varying degree of sub-stoichiometry, as controlled by the sputtering pressure, P tot , have been measured with spectrophotometry in the 300 -2500 nm wavelength region, and with photoluminescence (PL)
spectroscopy. An optical band gap of about 2.8 eV was inferred from spectrophotometry and in PL measurements the band gap was found to be 2.91 eV and 2.86 eV for 10 and 30 mTorr WO 3 thin films, respectively. Two absorption bands were observed in the NIR region, which were correlated with oxygen vacancies. The low energy NIR peak was shown to agree well both with previously reported The results presented here provide new insight into oxygen vacancy induced band gap states in WO 3 , and show that even slight sub-stoichiometry (x ≈ 0.001-0.005) results in significant changes of the optical properties.
